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NOMENCLATURE

A - pre-exponential factors in Arrhenius expression

a - chemical-kinetic time parameter

a - modified chemical-kinetic time narameter

B - pre-exponential factor in Arrhenius expression

b - diff-ision-time parameter

bt - modified diffusion-time parameter

C - constant used in the MGDF model

C2 - constant used in the MGDF model

c - specific heat of gasesg

dox - diameter of oxidant particle

d - diameter of fuel particle
4 f

D - diffusion coefficient

E - activation energies

L - thickness of flame zones

m - mass flow rates

rn" - mass fluxes

P - pressure

Q - heatL of vaporization (heats of reaction of various

flames in the MF model)

R - universal gas comtant
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r burning rate

S surface areas

T absolute temperature

w weight fraction of oxidant

H heats of reaction

Greek Symbols

- constant related to "all
I

- constant related to "a'"

- constant related to "b"

(3 - constant related to "b'"

AS - thermal conductivity of gases

- mass of fuel gas pocket

- densities

- reaction ti-Ines

Subscripts

I - condition at the end of dhe first-stage flame

2 - condition at the end of the second-stage flame

AP - ammonium perchlorate

f - fuel
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F - flame conditions

g - gas phase

p -propellant

0 - initial condition in the solid phase

s - surface

ox - oxidant

st - stoichiometric

Abbreviations

AP - ammonium perchlorate

LP3 - polysulphide

P13 - polyester

PBAA- polybutadiene acrylic acid

PS - polystyrene

PMM - polymethylmethacr ylate

GDFC- granular diffusion flame with collapsed AP decomposi-

tion flame

GDFD- granular diffusion flame with distended AP decomposi-

tion flame

HR - heterogeneous reaction model

MF - multiple flame model

ST - Stoichiornetric
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CHAPTER I - INTRODUCTION

I. A GENERAL BACKGROUND

A composite solid propellant consists of finely divided oxidant

and metal particles uniformly dispersed in a matrix of polymer binder.

The rrost commonly used oxidant is ammoaium perchlorate (AP) and

some of the fuel binders used are polyurethane, polybutadiene-acrylic

acid, polysulphide, polyester, etc. In the present investigation only

non metalized propellants with AP particles of a single size (unimoda)

were considered.

In the past few decades, a considerable number of experimental

and theoretical investigations have been directed towards the study of

the steady-state burning of composite propellants. The purpose of

these investigations has been to oredict or to allow willful modifica-

F i I I tion of the performance of AP composite propellants in order to avoid

the time consuming, repetitive, and costly experimental tests. In

spite of these efforts, the present models are imperfect and are not

capable of correctly representing the burning mechanism of composite

solid propellants.

-A i
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1. B BURNING MECHANISM OF A COMPOSITE PROPELLANT

The burning niechanism of a composite solid propellant is very

complex due to the heterogeneous composition of the propellant.

Several spatial dimensions several phases, and several simulta-

neous and/or successive physical and chemical processes are

involved.

During burning, gases evolve from the propellant surface and

mix and react exothermally in the gas phase. The heat generated by

the reactions is transferred to the surface and produces further

vaporization of the 6urface material. Previous studies (1, 2, 3, 4)

have indicated that the following physical and chemical processes

are important in the burning of a composite solid propellant

(i) heat conduction,

(ii) surface pyrolysis of the fuel (endotbermic),

(iii) surface dissociative sublimation of AP into ammonia and

perchloric acid (endothermic),

(iv) vapor diffusion,

(v) AP decomposition flame (exothermic reaction between

ammonia and perchloric acid), and

(v) final flame (exothermic reaction between pyrolysed fuel and

AP decomposition products).

Wkiii



Figure I-1 illustrates the burning mechanism schematically.

The linear rate at which the surface regresses macroscupic-'lly

is a characteristic of the burning and is designated as the burning

rate of the propellant (r). TIP desired end results of steady-state

mechanistic models are the prediction of r and of the influences on r

by pressure (P), oxidant particle size (dox), initial temperature (T0 )

and weight fraction of oxidant (mixture ratio) (w).

1. C PURPOSE AND SCOPE OF THE PRESENT INVESTIGATION

I.C.1 Purpose

The purpose of the present investigation is to develop an

improved steady-state-burning model for AP composite solid

propellants. The need for such a model based on reasonable

mechanistic grounds arises from "he inadequacy of the e-isting

models to describe the experimentally observed effects of all the

important variables on the burning rate.

I.C.2 Scope

The presently reported work consists of:

a. review of prior experimental and theoretical inv-'tigations

of the steady-state burning of AP-composite-solid propellants,

b. new experimental and theoretical investigations concerned
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with mixture-ratio influences on burning rates,

c, assessment of existing comprehensive models by means of

numerical diagnostic tests, and finally,

d. formulation of a modified granular diffusion flame model,

based on reasonable mechanistic grounds and testing of the model

against experimental data.

(

)

- - a
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CHAPTER II - REVIEW OF PRIOR INVESTIGATIONS

In the present chapter, prior experimental and theoretical

investigations of the steady-state burning of AP composite solid

propellants and their analogs are reviewed.

II. A EXPERIMENTAL INVESTIGATIONS

A great deal of effort has been devoted in the past to study

burning rate behaviour of AP composite propellants with respect to

pressure (P), oxidant particle size (dox), initial temperature (T ),

and mixture-ratio (w). Both actual propellants and their analogs

have been used in these investigations.

II.A. 1 Investigations with Propellants

A detailed review on this subject can be found in references 3

=4, IeUs, 4,lVac1vSt~l'? r fhn "OCeii1to 'Area rriwa~n ho.1nur

1. A. I. a Pressure

In general, r is found to increase as P increases. Based on the

variations of r with P, three pressure domains have been defined

as follows

(i) low pressure domain (below 10 atm.),

(ii) moderate pressure domain (10 to 100 atm.), and

(iii) high pressure domain (above 100 atm.).
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These demarcations are not rigid as they deform as other paran-Leters

are varied. These different domains are attributed to the dominaiion

of the overall burning process by different phenomena (e. g, chemical

reaction and diffusional mixing at different pressures).

II. A. 1. b Oxidant Particle Size

Bastress (6) has done a systematic study of the influences of

dox on r and found that, in general, r increased with decreasing dox.

The influence of d on r has also been found to be coupled with

variations in other parameters, such as, oxidant weight fraction (3).

II. A. 1. c Initial Temperature

The burning rate usually increases as the initial temperature is

increased. A considerable interest is shown at present in under-

standing the influence of initial temperature on the burning rate (7).

TT A 1in Mivhiwolp t

A measure of the mixture ratio in this study is taken to be the

weight fraction of oxidant (W). The influence of w on r has been

virtually ignored by the previous investigators. Only very limited

data Is availble with regard to the mixture ratio influences and no

attempt has been made previously to interpret these data. Therefore

in the present investigation, the available data have been plotted as
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r vs. w (none of the previous studies shows a plot of this type).

Figures I-1, 2, and 3 show plots of r vs. w for various pressures,

particle sizes, and different types of fuel.

The following observations can be made from these figures

(i) The burning rate (r) increases monotonicplly with the

mixture ratio (w) (all the w's considered are less than the stoichio-

metrically correct w, wst).

(ii) The mixture.-ratio sensitivity of the burning rite,

varies with P, dox, w, and the type of fuel used.

(iii) r vs. w curves in figuresII-1 and 2 suggest a Leid:dncy to

attain a maximum r as w increases, though the available data aire

not extensive to ascertain this trend.

II. A. 2 Investigations with Analogs

Analogs of AP propellants were used in the past to study

burning-rate variations with changing P, dox, To, and w (4, 9, 10).

The advantages cited for using analogs rather than true propellants

are that the analogs are easy to fabricate and that they allow the

composition to be varied at will, which is not possible with actual

propellants.

Wst is defined here as that w which assumes the products of

combustion to be H20, C0 2 , SO 2, HC1, and N2.
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1 s -84 54.4
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W, WEIGHT FRACTION OF OXIDANT
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AP/1P3 PROPEL[N4T AT 'VAR IOUS PRESSURES
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The three types of analogs used in the past are

(i) Pressed-samples (4, 9),

(ii) Loose-granule burners (10), and

(iii) Porus-plug burners (10).

In the present study, additional loose-granule tests were used to

investigate mixture-ratio infix ences.

II. A. 2.a Parametric Influences

The results ob.ained from analog studies show the same influenc-

)f pressure, oxidant particle size, and initial temperature on r

as those shown by actual propellants (4, 9, 10). However, the analog

studies provide addiktional information with regard to the mixture-

ratio influences on, r. Unlike propellants, analogs can be fabricated

and tested over a wide range of mixture ratios. Figures 11-4, 5,

and 6 show r vs. w curves from previous studies (4, 10). These

curves are useful in studying the influences of fuel, oxidant particle

size and pressure on the trends of r vs. w curves ( L e. the shifts in

the mixture ratio that correspond to maximum burning rate,

Wr(max)"

Figure 11-4 shows that for mixtures containing AP and poly-

styrene (PS), the mixture-ratio yielding maximum burning rate,

Wr(max) , is on the fuel rich side of the stoichionietrically correct

mixture ratio (Wst), whereas for mixtures containing AP and poly-
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AP/PMM MIXTURE
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S0. (REF.4)o.6 ST

4 0 5

0.4
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methylmetLacrylate (PMM), Wr(max) is near wst. Hence, it is

concluded that the type of fuel used in the propellant has an influence

on the position of the maximum burning rate.

The influence of the oxidant particle size on the position of

maximum burning rate is shown in Figure 11-5. For a larger oxidant

particle size, Wr(max) is found to be on the fuel rich side, whereas

for a smaller particle size, Wr(max) is found to be near the stoichio-

metrically correct mixture ratio, wst.

The influence of ressure on the position of maximum burning

rate is shown in Figure 1-6. At low pressures wr(max) is less than

Nw and as the pressure is increased w r(max) shifts towards Wst.

The experimental data, shown in Figure II-6. were not taken

beyond Wst. and hence the existence of the maximum burning rates

with w variations at high pressures could not be conclusively

corfirmed. Part of the present investization i.volves measuring

regression rate for a wide range of variations in w at different

pressures using loose-granule burners. The details and results of

such measurements are given in Chapter Ill.

11. A. S Classification of Propellants

AP composite propellants have been classified by Steinz (2) into

two categories: those that do and those that do not allow correlation
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of r vs. P data by means of Summerfield's equation (1), viz.

+ ... -1

where a - chemical-time parameter, and

b - diffusion-time parameter.

Both a and b are assumed to be independent of P.

The agreement (or lack of agreement) between the r vs. P data
p 2/3

and Equation 1-1 can be determined by plotting the data as -vs. P

and checking whether such plots result in a straight line. This

method of classification is illustrated in Figures 11-7 and 8.

Figure 11-7 shows examples of propellants which do correlate via

Equation II-1, and Figure 11-8 shows an example of a propellant

which does not follow Eqaation 11-1. The corresponding r vs. P

curves are shown in Figures 11-9 and 10 respectively. It can be seen

clearly from these figures that Suminerfield's equation is a good

representation for those propellants with burning rates (r) increas-

ing monotonically with P and with the slope of r vs. P curves

decreasing steadily.

In the present study, only those propellants for which data can

be correlated with Equation f1-, are considered.
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II. A. 4 Critique of Experimental Investigations

Based on a review of prior experimental investigations, the

following observations can be made:

(i) In general, there is a lack of comprehensive experimental

data available which deal with mixture-ratio influences. In order to

assess existing and/or new models of propellant burning more

comprehensive data is needed.

(ii). None of the propellants which follow equation 11-1 were

tested previously with more than two variations in the mixture ratio

(2). Since a number of propellants obey Summerfield's equation,

additional r vs. w data should be obtained for such propellants.

II. B THEORETICAL INVESTIGATIONS

Theoretical models describing the steady-state burning of

composite solid propellants can be classified into two categories

as follows:

(i) simple, analytical diagnostic aids, and

(ii) comprehensive models.

The simple, analytical diagnostic aids neglect many of the

physical processes and chemical reactions for tl_ purpose of

mathematically tractable solutions. They lay their emphasis on

specific processes. The following models belong, to this category:
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(i) Phalanx flame model (11),

(ii) Premixed, laminar flame model (12)

(iii) Sub-surface reaction model (13),

(iv) Thermal layer theory (14),

(v) Columnar diffusion flame model (15), and

(vi) Quasi-laminar. diffusion, and monopropellant flame

theory (16).

Since these models neglect many of the presumably important

processes and do not explain the burning-rate behevi.our completely,

they are not considered further in the present investigation.

The comprehensive models, on the other hand, are based on more

complete, detailed mechanistic grounds. They allox, prediction of

the burning-rate behaviour with respect to variations in important

parameters.

Hence, in the present study, the following comprehensive models

Lve been cons>.cred:

(i) Granular diffussion flame models (GDF),

a. Original GDF model (1, 6).

b. GDF model with collapsed AP decomposition flame

(GDFC) (2).

c. GDF model with distended AP d.ec.nposition flame

(GDFD) (2).



24

(ii) Heterogeneous reaction model (HR) (17, 18),

(iii) Multiple flame model (MF) (19, 20).

II. B. 1 Granular Diffusion Flame Model (GDF)

II. B. 1. a Description

In the general formulation of the GDF model (2), the gasification

of the solid surface was considered to be driven by the conductive

heat feed back from a two-stage flame in the gas phase.

The first-stage flame was considered to be the AP decompostion

flame, and the second-stage flame was considered to be the result

of the reaction between pockets of fuel (granules) and the oxidant

rich products of AP flame, It should be noted that there is no

experimental evidence for the existence of the fuel pockets, and this

assumption has been seriously questioned (3).

A schematic description of the GDF mode] is shown in

Figure il-ii.

H. B. 1.b Assumptions

Itemized, the major assumptions of the GDF model are

(i) One-dimensionality (planar surface and reaction zones in

the gas phase).

(ii) Steady-state.
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(iii) Specific physico-chemical processes:

The physical processes considered are heat conduction and

granular diffusion.

The chemical reactions considered are fuel pyrolysis,

dissociative sublimation of AP into ammonia and perchloric

acid, AP decomposition flame (first-stage flame resulting

from a second -rder, Premixed reaction between ammonia

and perchloric acid), and granular diffusion flame (second-

stage flame resulting from the diffusional mixing and reac-

tion between fuel pockets and oxidant rich products of AP

flame).

(iv) Linear temperature distribution in the gas phase.

(v) Uniform thermal properties.

I. B. i.c Equations

Fro the r-*1i-o ciiAr o n I-hn o'.i1'

tion of the GDF model, the following equaiions can be written (2).

An uncrpy bilancf at the surfac ,, for the f-st-stage flaac- gives:

fp r- + ... +OI-2
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An energy balance at the first-stage flame, for the second-stage

flarne gives:

r c (C,r-T.)t w QA, t o-w)Qfw HA ]

... 11-3

where - thermal conductivity of gases,

Cg - specific heats of solid and gases,

T o  - initial temperature,

T - surface temperature,

T - first-stage flame temperature,

T - second-stage flame temperature,

L - first-stage flame height,

L - second-stage flame height,

9 - propellant density,

r - burning rate,

w - weight traction oi oxidant,

QAP - heat of sublimation of AP,

QF heat of pyrolysis of fuel, and

A. H - heat of reaction of AP flame.
AP

An Arrhenius expression is assumed to describe the surface

pyrolysis of the propellant and is given by:



28

r A. e4x (Es/'- ... 11-4

where A S pre-exNponential factor,

E - activation c;nerg-y, and

R - universal gas constant.

11. B. 2 Origipal GDF Model

I. B. 2. a Additional Assunmrtions

In the original GDF miodel (1), the follovuing additional

assumiptions w ere made:

(i) Constant surface tcenpei'ature, T S

(ii) An AP decomposition flame (first-stage flamne) occuring

entirely ("collapsed") at the regressing surface.

II.B.2.b Formulation -of thp Model

The collapsed AP flame assumption reduces E~quation 11-2 and

Equation 11-3 to a single equation

... 11-5

In Equation 11-5, L is unknown and is expressed by considering the

detailed structure of the granular diffusion flame. To approximate
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L 2, two extremes of low and high pressures were considered. At

low pressures, chemical reaction was considered to be controlling;

at high pressures, diffusional mixing was considered to be controil-

ing.

Letting L2 ch denote the granular diffusion flame height, when

chemical reactior is controlling (at low pressures), the chemical

mass conversion rate in a zone of thickness L may be written2, ch

as:

....

where rch - burning rate at low pressures,

B - pe-exponential factor, and

E2  - activation energy for the gas-phase reaction

Substituting the value for L2, ch from Equation 11-6 in Equation

11-5, an expression for rch has been obtained (2) :

rc I, A9 (TZaTS)

x(acJi) exI,(E-:/zRTO 11-7?

where oC is a constant.

On the other hand, considering high pressures and control of

burning by the diffusional mixing of the fuel pockets, an expression

for L2, diff has been obtained (2)
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r
2. , r)ff. . .T o . -8

where is a function of t, the mass of each fuel pocket, and

hence depends only on d

By substituting the value for L in Equation 11-5, the burning
2, diff

rate at high pressures, r diff, has been obtained (2) as:

r - , TC ( - W) ZTo)

Tr/t .. 1I-9

Withl the two asymptotic forms for the burning rate, given by

Equations 11-7 and 9, the burning rate at in intermediate pressure

was expressed by a relation which reduces to one of these limiting

forms at either extreme of pressure.

The following form was proposed in reference (1):

. . . AA. L'.

or, substitUhng from Equations If-7 and 11-9

I- Xg"  "  i) .".. " -C9 (TS' +~ WrAP+ s p

Y&( 
' T
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or

where I - .. 1-2

heeT (Ts-T)+wQA" +-w)Q -W A ,
a C9 ( 9 (T - ...

)( co(T2 ejcj,(a/Tl)
and

C9 T s-0) +W Q + (-w) Q WA HAP

6/6
___pWOO _T2. 

11-14

I. B. 2. c Discussion

In the preceding equations, the burning rate appears in a

transcendental form requiring an iterative solution. The principal

equations involved are Equations 11-4 mnd 11-11. The two unknowns

are r and Ts the burning ratc and the surface temperature, respec-

tively.

In the original formulation of the GDF model, these equations

were not solved numerically. The assumption that the surface

temperature, Ts, is constant allowed the Equation 11-4 to be

neglected, and the burning rate was related to the pressure by

means of Equation 11-12 only; this equatioi is sometimes known as
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Summerfield equation. The validity of the GDF model was said to be

established by showing that experimental burning-rate data (r vs. P)

could be correlated by the Summerfield equation for many propellants

(1, 2, 6).

11. B. 3 GDFC Model

Steinz (2) has modified the GDF model by allowing the surface

temperature to vary with pressure, in accordance with Equation II-4,

but retained the collapsed AP decomposition flame assumption. This

model was termed tbe "g'anular diffusion flame model with

collapsed AP decomposition flame" (GDFC) model.

II. B. 3. a Resulting Equations

The equations of the GDFC model are those of the GDF model:

r A e , E/ s ... 11-4

P Aq '2-T;

V Fs~e... 11-11.

Equations 11-4 and 1I-11 contain two unknowns, r and Ts. They

can be solved numericafly by usigfg the .nethod deslribed below.
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11. B. 3. b Method of S'olution

The input values required to solve Equations 11-4 and II-11 are

classified as:

(i) environmental input values (P and T

(ii) compositional input values (w, dox, ? , T2 , QAP, Qf, AHAP),

(iii) kinetic input values (Es, E2, etc., ), and

(iv) empirical input values (As 0(, and

The empirical input values are obtained as follows
p 2/3

(i) Determine values for a and b from a plot of r vs. P

(ii) Choose a pressure (matching point), determine the corres-

ponding value for r, and select an appropriate value for Ts .

(iii) Use Equations 11-4 to determine A .

(iv) Use Equations 11-13 and I-14 to determine and (3.

Equations 11-4 and II-1l can now be solved numerically for various

other pressures.

X ~ ~ %A ' ~ ± ~) I., %AA1JU~~**' '

equations.

II. B. 3. c Results and Discussion

in Reference 2, numerical solutions were obtained for a typical

propellant by considering only pressure variations. The predicted

r vs. P results were shown to have the same form as that of

Summerfield Equation (Equation 11-12) in 1. 0 to 100 atm. range.
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The predicted results were not compared with any experimental data.

The matching point needed to obtain the empirical constants A. , C<
and , was chosen arbitrarily at a low pressure. The possible

effects of alternative selections for the matching point (at different

pressures) was ignored. Furthermore, the influences of oxidant

particle size, mixture ratio and initial temperature on the burning

rate were not discussed.

Therefore, as part of the present investigation, the following

comprehensive numerical tests were made to assess the GDFC

model :

(i) A comparison of the predicted GDFC results with experimen-

tal results (r vs. P).

(ii) An investigation of the effect of the matching poiht selected.

(iii) An investigation of the infiuence of mixture ratio on the

burning rate as predicted by the GDFC model.

I. B. 4 GDFD Model

The collpsed-AP-flame assumption macie in the GDFC model

was found by Steinz (2) to be invalid at low pressures. Hence,

Steinz proposed a GDF model with "distended" APflame (GDFD). Tie

GDFD model is supposed to be valid at low combustion pressures.

A
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11. B. 4. a tesulting Equations

As a consequence of the above-mentioned assumption, the GDFD

model is described by Equations 11-2, 11-3, and 11-4. In order to

solve these equiations, the flame height L of the first-stage flame

must be specified.

Considering mass conservation, L1 can be written as (2)

I ?[ r ... 11-15

where 'A is the reaction time of the AP flame. Assuming the
*-AP

AP flame to be a premixed and second-order reaction, Z was
AP

found to be (2)

VAV 6. x 'o6  (e)..U1

The flame height, L , has been taken to be the same as that

~uwiu.L uini 1-Ile ktJ~r %, ,IOUel.

The following equations resulted after simplification (2)

r= A. ex (-E/R 5 ) ... 1-4

.11-17
L
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CS ITI +18P+( -W fW A

.. 11-18

II. B. 4. b Method of Solution

The resulting equations, viz. Equations 11-4, 17, and 18 of the

GDFD model contain three unknowns r, Ts, and T . The numerical

procedure used to solve these three equations is the same as that

described in Section 11. B. 3. b aA also in Figure 1-1-12.

II. B. 4. c Results and Discussion

The results reported in Reference 2 for the GDFD model were

obtained for the same typical propellant used for the GDFC model

calculations described earlier (Section II. B. 3. c). The burning

rates predicted by the GDFD model in the 1. 0 to 100. 0 atm. range

were found to be less than those predicted by the GDFC model.

The (,T)M' model re:%mtq were not compared with nny Pyrerimeprt.

data. The influences of matching point selection, oxitda., partice

size, mixture ratio, anct initial temperature were not reported

in Reference 2.

Therefore, as part of the present investigation, the follo;,,'ng

numerical tests were made to assess the GDFD model:
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(i) A comparison of the predicted GDFD results with experi-

mental data (r vs. P).

(ii) An investigation of the influences of matching points.

(iii) An investigation of the influence of mixture ratio on the

burning rate as predicted by the GDFD model.

These tests and their results are discussed in Chapter IV.

II. B. 5 Heterogeneous Reaction Model (HR)

U. B. 5. a Description of the HR Model

Hermance (17, 18) developed a model of comnposite - solid -

propellant burning by incorporating effects of propellant surface

heterogeneity and of heat released at the surface due to a heteroge-

neous reaction between the oxidant pyrolysis products and solid

fuel binder. This modcl can be used to predict known combustion

characteristics like the burning rate, surface temperature, etc.,

a priori , using only the propellar.t composition and component

decomiposition charaCteri st cs as in,)ut data.

Figire 1I-13 describes schematically the structure of the s;urface

and the sit es of heat geieraticn considered in the HR model.



39

Faq

P4
0

0 0

C'/)0 ,***o :o z

H ." - .' .-"•

o *o12""

E ..

E-4 pq n

A0 H

00 .- .,

P4--4

S - .", '.

fri I..

Oj

o t_



40

IL B. 5. b Major Assumptions

(i) Geometry

solid phase - one dimensional

surface - three dimensional

gas phase - one dimensional

(ii) Steady state.

(iii) Uniform thermal properties.

(iv) Specifi" physico-chemical processes

The physical processes considered are heat conduction, and

diffusion.

The chemical reactions cons.dered are fuel pyrolysis,

dissociative sublimation of AP into ammonia and perchloric

acid, exotherinic reaction between fuel binder and products

of AP sublimation (heterogeneous reaction), and exothermic

reaction between final AP decomposition products and fuel

vapors.

II. B. 5. c Resulting Equations

Due to the complexity of the model and the numerous equations

involved, a detailed review is not given hure. Hence, only the final

equations are listed below
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x e,( EOX ESP1 . 1-19

.. 1I-20

E.L

I... 11-21

where ez.., and the constants al, a2, a 3, bl, b2 , b3, c3 , d1 ,

and other parameters involved are defined in References 17 and 18.
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II.B. 5. d Method of Solution

The above equations contain three unknowns, viz. r, Ts, and TF.

Numerical solutions were obtained by an iterative procedure

described in Reference 17.

I. B. 5. e Results and Discussion

The results of the HR model were compared with experimental

data of AP/LP3 (6) propellants only. The model has been tested

comprehensively, and qualitative agreement has been found between

the predictions of the model and experimental data with regard to

the influences of P, do, w and To on r (17, 1b). Since the experi-

mental data available for mixture ratio variation were confined to a

narrow range of w (0. 6 to 0. 7), the results of the HR model were

not considered beyond w=0. 7. Hence, an additional test useful for

evaluating this model would be to obtain more results beyond w Z 0. 7

and to study the predicted trends of r vs. w curves.

One of the most severely crit...--ed assumptions of t'e R model

is the heterogeneous reaction considered to be occuring in the cusps.

There is no experimental evidence for the occurrence of such a

reac tun.
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I.B. 6 Multiple Flame Model (MF)

II. B. 6. a Description of the MF Model

The multiple flame model has been based on a flame structure

surrounding individual oxidant particles. Three seper ate flames

have been considered to supply the heat required for surface

gasification. They are as follows

(i) A primary flame (PF) surrounding the AP particle caused

by the reaction between a fraction of AP sublimation products

and a fraction of fuel vapors. Both kinetics and diffusion

are assumed to be controlling.

(ii) The AP decomposition flame (AP flame) controlled by

kinetics alone.

(iii) A final flame (FF) caused by the reaction between AP

decomposition products and fuel vapors and is controlled

by diffusion alone.

In Figure 11-14, a schematic description of the MF model is

given.
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If. B. 6. b Major Assumptions

(i) Geometry :

Solid phase - one dimensional

Surface - three dimensional

Gas phase - primary and final flames- three

dimensional, and AP flame - one

dimensional.

(ii) Steady state.

(iii) Uniform thermal properties.

(iv) Specific physico-chemical processes

The physical processes considered are heat conduction and

diffusion.

The chemical reactions considered are fuel pyrolysis, AP

sublimation, primary flame, AP decomposition flame, and

final flame.

H. B. 6. c Equat ions

Mass conservation at the surface gives

S r I ... 11-22
T• •- so
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where r"- mass flux of the propellant,
T

'- mass flux of the oxidant,ox

in" - mass flux of the fuel,
fS.ox surface area ratio of oxidant to

so total propellant, and

f surface area ratio of fuel to total
so propellat

ifil" and rxoi have been expressed in terms of pre-exponential factors,
ox f

A and A f, and activation energies, E ox and Ef, and the surface

temperature, Ts, as given below"

n# A0X ext, (EOX/VT) ... 11-23

A ex e( +/RTs) ... 11-24

ox and Sf were expressed as functions of w and other factors

So So
which influenced the surface geometry.
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An energy balance at the surface was given by

t:

Cp epVr

H-25

where Q's represent the heat of vaporization of solids and heats

released by various flames, Nis the fraction of oxidani reactants

that react in the primary flame (PF), and g s are the nondimensional

flame stand-off distances of various flames, ( =
.A

The flame heights, x Is, were obtained for kinetic-controlled

flames and diffusion-controlled flames in the following forms
'I

x 11 .. I-26

(kinetic-controlled flame) k P

where k is the pseudo-rate constant and Sis the reaction order.

x ... 1-27

(diffusion- controll ed Z-ame)

where lis the nondimensional flame height given by Burke and

Schumann's thin-flame analysis (22).
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1. B. 6. d Method of Solution

The equations of the MF model contain basically two unknowns,
r and T ,and can be solved numerically by an iterative procedure.

S

The burning rate behaviour with pressure, oxidant particle size,

mixture ratio, and initial temperature has been studied (19, 20).

IT B. 6. e Results and Discussion

The formulation of the MF model is found in two publications

(19, 20). The major assumptions, the resulting equations, and the

method of solutions were the same in both these references, but the

input values used were different.

The following comments are made with regard to these two

presentations

(i) Reference 19 contains a complete set of input data needed

for numerical calculations of the MF model; Reference 20

contains incomplete input data.

(ii) The results reported in Reference 19 are poorly supported

by experimental data. The results of Reference 20 are

somewhat improved.

In order to assess this model, a complete set of input data used

in Reference 20 has been obtained from one of the authors(23), and

further tests have been made on the MF model as part of the present
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study,

Mixture ratio effects considered in References 19 and 20 were

confined to a narrow range of w (0. 6 to 0.7 ). In order to study

the trends of r vs. w predicted by the Ml model more calculations

are needed, and new numerical tests made on the MF model in the

present investigation are discussed in Chapter IV.

II. C CONCLUDING REMARKS

The preceeding review of the prior experimental and theoretical

investigations of the burning of AP propellants has established the

need for futher consideration of the influences of mixture ratio, and

the need for further assessment of the existing models by more

numerical tests.

In Chapter III, new experimental and theoretical invest;gations

undertaken in the present investigation with regard to the mixture-

ratio influences are presented.

In Chapter IV, an assessment of the important theoretical models

is made based on a number of new numerical test.
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CHAPTER 11 - PRESENT INVESTIGATIONS INVOLVING

MIXTURE-RATIO INFLUENCES

III. A BURNING RATE MEASUREMENTS ON PROPELLANT

ANALOGS

The influences of fuel and oxidant particle size on the n'ixture

ratio for maximum burning rates, wr(max) , were studied previously

by Bakhman et al. (4), and McAievy et al. (10) by varying w over a

wide range (beyond st on the oxidant rich side). But the data obtain-

ed by Bakhman et al. (4) to study similar influences of pressure,

were not taken beyond wst. The occurrence of maxima in r vs. w

curves has also not been well confirmed above 10 atmo (see Figure

11-6). Hence, burning rates have been measured in the present

investigation over a wide range of w (beyond Wst), for different

pressures, by using a loose-granule burner. The purpose of these

measurements is to supp]ement the previously obtained data (4) and

to verify those results.

The fabrication of the loose-granule burner, the apparatus used,

and the techniques used to measure the burning rate are described

in deiail in Reference 10, and hence, only new experimental results

are discussed at present.



1I. A. 1 Results and Discussion

The results of the present investigation together with those of

reference 9 are plott,d in I ga're III-1. It , seen clearly that

9 r~max) shifts from the fuel-rich side towards tne stoichiometrically

correct mixture-ratio as pressure is increased. This behaviour is

in conformity with the results of Bakhman et al. (4).

I1. B EXTENSION OF A SIMPLIFIED PREMIXED FLAME

MODEL TO ENCOMPASS COMPOSITE PROPELIANT

BURNING

In the past, solid propellant burning models were based on

simple extensions of laminar, premixed flame theories to predict

burning rate characteristics, such as, the dependence of the burning

rate on pressure, flame temperature, etc., (3, 12, 16). Since the

mixture ratio influences the structure of a premixed flame via

flame temperature a simplified, premixed, and laminar flame

model has been formulated as part of the present investigation to

explore mixture-ratio inffiaerces on the burning rate of composite

soiid propellant.



52

AP/PS MIXTURE

dox = 210-250 1

df = 250-297 j,

0, o PRESENT STUDY

- REF.9:, ST

1.4 6

1.2

.0.88

(ATfo)

0"4IT.4

0.2-

065 0.7 0.75 0.8 0.85 0.9 0.95

W, WEIGHT FRACTION OF OXIDANT

FIGURE 111-1 : INFWEICE OF PRESSURE ON THE POSITION OF f4XIti'l
TBJPJ1I13 PTE



53

Ill. B. I Description of the Model

Figure I1-2 illustrates the simple, premixed, laminar-flame

model considered. A single premixed flame in the gas phase is

considered to release heat which, conducted to the solid surface,

causes regression of the solid surface. The temperature of this

flame is assumed to be equal to the adiabatic flame temperature

of the propellant.

III. B. 2 Major Assumptions

(i) The solid surface and the flame are planar and parallel to

each other (one dimensional).

(ii) Steady state.

(ii i) Uniform thernial properties.

(iv) An Arrhenius type expression describes the surface

pyrolysis of both AP and fuel.

(v) A premixed, laminar iname ol second order exists in the

gas phase.

(vi) The temperature distribution in the gas phase is linear,

ill. B. 3 Equations

The surface pyrolysis of the propellant is assumed to be

described by an Arrhenius type expression given below:
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r A, 1 (E/; ... r-

The notations used here are explained in Chapter 11.

With the above assumptions, the energy balance at the surface is

given by:

( T O~S S CS [c(S TO)+ WQAIP +("4)~~

... 111-2

If the thickness of the reaction zone, L, is specified as a function

of pressure (P), flame temperature (TF), mixture ratio (w), etc.,

then Equations III-1 and IHf-2 can be solved for burn'ing rates as

functions of P and w.

The thickness of the reaction zone, L, has been estimated as

follows

For a second-order reaction, tl.e .'eaction rate can be written as

?readiin rate C B w(t-v) exIOc-Ev.rTv)
... -3

From mass continuity, we get

... III-4

i
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It should be noted here that the reaction zone thickness, L,

considered is similar to L2, ch considered in the GDF model,

except that a term, w (1-w), is included in the present model to

account for the dependence of reaction rate on the concentrations

of fuel and oxidant.

Substituting the expression for L, given by Equation 111-4 in

Equation 111-2, the following equation for the burning rate, r, has

been obtained

r -T (o) 'i-)-

X. 111-5

Equation III-1 and 111-2 were solved numerically for r as a

function cf w at various pressures. The input values used are

listed in Table III-1. The results are plotted in Figure 111-3 and

are discussed in thp folIowinr seetion.

111. B. 4 Discussion

In Figure 111-3, the burning rates, r, predicted by the simplified

model for a polyester/AP propellant are plotted against mixture

ratio, w, for different pressures (P), and these r vs. w curves are

compared with a plot of flame temperature, T 2 vs. w.
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A9 = 2. OxlO "4  cal/ 0 C-sec-cm

Cg 0.3 cal/°C- gn

9 1.95 gm/cc

9f 1.27 gm/cc

QAP 480 cal/gn

Qf 175 cal/gm

A 780 cm/sec
S

E 15 Kcal/moleI S
E - 20 Kcal/mole

2
0T 300 K

I 3.75x10 6

T2  2000°K (w= 0. 70)

T2  - 24500 K (w=0.75)

T2  2800°K (w 0.80)

T- .1.mo° (w- 0, 85)

T2  2960°K (w = 0.9 0 )

T2  25000K (w .0. 95)

Calculated values assuming equilibrium among
combustion products

TABLE 111-1 LISTING OF INPUT VALUES USED FOR

PREMIXED-LAMINAR FLAME MODEL
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S 6.0 1 00 0

4.0

S0.18 TP

g~ 0.08

0.06 - (ATM

0.04 1
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AN) ADIABATIC FLVE TSI1PRATURE VARIATION WI111
MIXTUJRE PATIO
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The following observations are made

(i) The predicted burning rates attain a maximum value at a

mixture ratio, wr(max) , which is less than the stoichiometrically

correct mixture ratio, w

(ii) The pressure does not seem to affect the positions of the

mixture ratio, wr(max)'s , corresonding to maximum burning rates.

(iii) The flame temperature, TF, however, has a maximum

value at a mixture ratio near the stoichiometrically correct mixture

ratio, wst, independent of pressure.

These observations imply that although the premixc- flame model

can predict the maximum burning rate s at mixture ratios different

from wst, it is unable to predict the shifts in wr(max) with pressure

variations such as are observed in experimental investigations.

Hence, two possibilities were considered.

(i) Due to nonequilibrium chemical effects, actual flame

temperaturse rn2v he differon. frnm tho p 11n~lclf hy nI.nminor

chemical equilibrium among the combustion products, or

(ii) The surface of the solid propellant may not be driven by the

heat conducted frum a single premixed, laminar flame, as assumed

in the simplified model, but by multiple flames occuring in the gas

phase.
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III. C. FLAME TEMPERATURE MEASUREMENT

In order to check the possibility of nonequilibrium chemical

effects, flame temperatures of loose-granule burners were

measured at atmospheric conditions, for various mixture ratios.

The measured flame temperatures were then compared with

theoretical flame temperatures calculated by assuming equili-

brium among the combustion products.

A modified Sodium-D line (Na-D line) reversal technique

was found suitable for flame temperature measurements. Since

the technique requires the flame to be optically accessible,

loose-granule burners were fabricated by compacting mixtures

of AP and polystyrene in lead foil tubes rather than into stain-

less tubes or glass tubes as had been used previously (10).

X is VC , -1, 1,ewiAl fni hli Awas rhnzon qo fhnf th re-

gressing surface of the mixture and the melting rate of the lead

foil were the same. The possibility of chemical effects of lead

on the flame was checkcd by measuring the burning rate, which

is very sensitive to the f'ame temperature, for loose-granule

burners in lead andc in stainW.,, s steul tvubes. These two burning

-%
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rates ageed within two percent. The thcrinal effects of the lea(!

tube were also determined to be neg iibl since the heat requir !

to melt the lead is considerably lass than that required to pyrolyse

AP and fue. (e. g, 480 cal/gm for AP, 175 cal/gm, for a typical

fuel, and 6 cal/gm for lead).

The details of the modilied Na-D line reversal technique, descrip-

tion of the apparatus used, and the errors involved in the rieasul i;-

ments are discussed in Appendix A.

For comparison with experimental values, the adiabatic flame

temperatures of AP/polystyrene systems were calculated for various

mixture ratios using a computer program developed by NASA (22)

and modified for use on Stevens' PDP 10 computer.

III. C. 1 Results and Discussion

Experinmentally measured flame temperatures are compae'ed

with C- C fV' 11%.l. , .. 1^,iI-i f V1 fritn 1 vcrn, in Virmnit~ TTT..A

The maximum flame temperature in both cases occurs at the same

mixture ratio. This excludes the possibility of nonequilibrium

chemical effects being responsible for the maximum burning rate

occuring at mixture ratios away from w5s.

Hence, the second possibility, that of multiple flames in the
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AP/PS MIXTURE
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m 2800
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gs phase which supply the heat energy needed to pyrolyse the solid

surface of the propell-nt, has been conside'ed to be a reasonable

one.

As a first step, the comprehensive models which include more

than one heat source were investigated further.
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CHAPTER IV - NUMERICAL DIAGNOSTIC TESTS MADE

ON COMPREHENSIVE MODELS

IV. A INTRODUCTION

In the previous Chapters (1I and III), the reasors were stated for

making numerical tests on the existing comprehensive models of AP

composite propellant burning. These many such tests were not made

by the originators of these models. Therfore, as part of the present

investigation, a number of numerical tests were made on the GDFC

model, the GDFD model, the HR model, and the MF model.

IV.B GDFC MODEL TESTS

The following tests have been made on the GDFC model

(i) A comparison of the GDFC-model results with experimen-

tal data (r vs. P).

(ii) An investigation of the influences of different matching

points on the predicted results of the GDFC model.

(iii) An investigation of the influence of mixture ratio on the

burning rate as predicted by the GDFC model.

-n -
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IV. B. I Comparison with Exnerimental Data

Whije presenting predicted results of the GDFC model, Steinz

(2) did not compare them vitn any expoerimental data. Hence, for the

purpose of ctmparlson, a propellant (AP/LP3, do 78k, and

w - 0.65) for which data have been found to correlate well with

Summerfield equation (2, 6) tsee Figure 11-71 was chosen. Following

Steinz (2), a matching point at Pt 2o 04 atm. was chosen to determine

the empirical constants A , a(, and g. Using the method of
S 

V

solutions described in Figure 11-12. GDFC equations were solved

for the burning rate, r. as a fmfction of P. The input values used

arL given in Table IV-i 0

The results of the GDFC model. using Ste iz's matching point

("jow-pressure matching") . are compared in Figure IV-1. It s

found that the GDFC model predicts lower burning rate, above

2. 04 atm, and hi.ier rates below 2. 04 atm. The error in correla-

tion between Lhe iiodei and experimentai data is about 30% at luO atm.

IV. B. 2 influence of Matching Points

In order to study the influence of matching points on the predic-

tions of the GDFC model tvo matchi points other than ihat used

by Steinz (13.6 atm. arid 100 ati, i were tested. The empirical

counstants As , . and r%- were dter ined at these matching points
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2. OxlO- 4  cal/°C-cm-sec

c 0.3 cal/ 0 C-cm-secg
AP :1.95 gmic
AP

f 1.27 g/cc

QP 480 cal/gm

Qf 1 175 cal/gm

A AP" 810 cal/gm

T 0 300 OK0

d -" 78 micrui,,s
OX

w 0.65

T 2 2351 OK

E 15 Keal/mole
S

E 20 Kcal/mole

MATCHING POINT Th. ) A
P(ATM) (cm/see)

2.04 900 780 1. 161xi0 °5 0. 152I5
13.6 1000 920 1. 067x10 " 0.110

100.0 1100 1073 8. 32x10 - 6 0.093

TABLE IV-1 INPUT VALUES USED FO)R "GDFC" AND 'GDFD"

MODELS

.. L. r
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(see Table V-l), and the GDFC equations were numerically solved.

These results also are plotted in Figure TV:I, which show that for

the high-pressure matching ooint (100 atm. ) the predicted burning

rates are higher than tUe exermental values, and the perr ?ntage

error in r at 2. 04 atm. is about 60%. For a mid-pressur matching

point (13. 6 atni ). the GDFC results were in considerable disagree-

ment with experimental data .

1M. B. 3 Influence of Mixture Ratio

A further test involving the mixture ratio influence on r as

predicted by the GDFC model was considered, Numerical solutions

to the GDFC earuations were obtained by considering a typical

propellant whicn was considered earlier by Stein7 (2). Steinz's

values for the constants , . and A werE used for calculationss

at otner mixzture ratios (w rang]. nz from 0. ' to 0. 95), The flame

temneratures used as inDut values are listed in Table III-1. The

resulting oredictio ns of the GDFC model and exuei imental data are

compared ir. Figu r IV-2, The fo'lkw:ng conclusions can be drawn

(i r increases mon')tonicav witn w. ana no maximum burning

rate is nredicted by the GDFC model, This is a consequence

oi the coilansed A? fiame assumpt , r, which allows more

heat to re generaec. at the surfac-e as w is increased.
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AP/ILP3 PROPELLANT

dox 78 tA

w o .65 ,I "
0 XPT. DATA (REF. 6)
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•/J
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/ , H MATCHING

/le

0

M K 4PIGHPRESSURE

€1 ,/

7/

FIGURE IV-I : !N'FUENCE OF MATCHING POINTS W], ThE (DFC
FTD4 PREDICTIONS



69

.0

I

-"I GDCPEDCIN

.-" (TYPICAL 2RDPELLANT)--- GI RD T N

0.- - -... EPERINEITAS DATAI (A/13/ ; RE. 2)5 o - 120AT

001 j j!

0.75 0.8 0.85 0.9 0.95

V, WBIGRT FRACTION OF OXIDANT

= FIGURE IV-2 : 1iX hR RATIO Irf',UBICES , C1Z!PARISCN CF GDFC
0REJLTS WITH LP-RI.:ME L DATA

- - ,.-- - -; -. . 2)



70

(if The mixture-ratio sensitivity, predicted by the model

is of the same order of magnitude as those shown by

experimental data at low pressures, but at higher pressures,

it is too low.

From these tests, it was concluded that the GDFC model is not a

very reasonable model. Therefore, it was not considered for any

further tests or modifications.

IVC CDFD MODEL TESTS

The GDFD model was also subjected to the same tests which

were made on the GDFC model. Figure I w -3 shows a comparison

between GDFD results and expei i:.tal data for various matching

points, The matching points used in the GDFD-model calculations

were obtained from the GDFC-model calculations. Since the GDFD-

model predictions of r are always less than the corresponding GDFC-

model predictions, burmng rates given by the experimental data and

those predicted by the GDFD model are not the same at various

matching points. It is clear from Figure IV-3 that the disagreement

be-:w;een GDFD results and experimental data is great at low

pres!-,res, whe-e the distended AP flame assumption is supposed to

be reasonable. Hence, any modification to be made on the GDFD

model should be aimed at improving it in the low pressure range.
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AP/LP3 PRO.PELsLkNT

d x 78 1A.
/

w a 0.65

0 XPERIYMTAL DATA (RBF.6) //
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IV. C. 1 Influence of Mixturn Ratio

The results of the GDFD model with regard to the mixture-ratio

influences on the burning rate are shown in Figure IV-4. T'e

following observations are made:

(i) r vs. w results predicted by the GDFD model attain a

maximum at w's different from wst at low pressures. This

trend is in accordance with those shown by experiments.

(ii) The mixture ratio-sensitivities, , predicted by the GDFD

model are much lower than those observed experimentally.

Because of the observed qualitative agreement between predicted

and experimental trends, a few more numerical diagnostic tests

were made. The purpose of these tests was to establish a basis for

modifying the model in order to increase the too-low mixture-ratio

sensitivity of the model, while still maintaining its qualitative

correct predicted trends.

IV.C.1.a Modified "a" and "b"

Two possible sources of mixture-ratio effects, which do not

appear in the GDFD model were introduced by modifying the GDFD

model expressions for "a" and ''b" (Equations 11-13 and H-14).

Though not accounted for in the original GDF model formulation

(2;. tne chemical-time parameter "a", is sensitive to imixture-ratio
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variations because "a" depends on the reaction rate of the ranular

diffusion flame. In the original formulation of the GDFD model,

the reaction rate was expressed in terms of the flame temperature,

pressure, and other parameters (see Equation 11-6). Because the

reaction rate is expected to depend on the concentration of the

reactants, a modified expression for the reaction rate, given by

Equation I-4, has been considered in the present investigation.

Denoting the modified a by a', the following relation can be

established between a and a'

0. ' 1. -

Since the empirical constant,Q(, varies directly with a, a modified
0

0<,, viz., a can be written as:

0C ... IV-2

The diffusion-time parameter. "b", considered in the original

GDF model was assumed to be sensitive to do, only, since I&

the mass of each fuel pocket, depended only on doxo It is reasona-

ble to assume that the mass of each fuel pocket can vary with the

mixture ratio also. 4 is expected to d;ecrease as w increases. The

following functional relationship has been considered between

* *
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and w:

Since, b,, bo 0" as b-, , then

The GDFD equations (Equations 11-4, 11-17, and 1-18) were

solved with both old and new empirical constants viz, , , ,

and I . The following values were used :

(- 8.*IK ; Vo. Io. 9 (Calculated from data of Ref. 1)

' 3;.f4,i; -L. 61-L (From Equations I--2 and 1V-4)

The predicted results of the GDFD model for both new and old

parameters q and ( are compared in Figure IV-5. Although the

trends of the r vs. w curves have been preserved, the modification

has not improved the mixture-ratio sensitivity, 4lhr.

V. C. 1. b Modified "Pyrolysis Rate Equation"

In the original GDFD model, an overall surface-pyrolysis rate

equation was assumed to describe the surface pyrolysis (Equation II-

4). This equation does not contain any term involving the mixture

ratio, w. In the MF model (19, 20), a different surface pyrolysis
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rate equation containing mixture ratio, w, was considered

(Equation i-22) Hence, Equation 11-4 wa,, replaced by Equation II-

22 and the resulting equations of the GDFtD model (Equat'ons 11-17

and H-18) were solved for the burning rate while varying the mixture

ratio.

The results obtained using both the original and modified pyroly-

sis - rate laws are shown in Figure IV-6. This modification basica-

lly changes only the magnitude of burning rates while preserving

the trends of r vs. w curves. It has not increased the predicted

mixture-ratio sensitivity, aI'

IV. C. 2 Further Numerical Diagnostic Tests (Inverse

Procedure)

As the previous tests failed to improve the GDFD model, with

respect to mixture-ratio sensitivity, the following diagnostic tests

Wert~ madIt~ LQ ibUoiat: pAiticLLulaiT WCUIAILLl WhiALh, when1 LWncLudd,

might improve the GDFD model. It was observed that both the

energetics (heat generated at the first-stage flame, AH 1) and kinetics

(reaction time of the first-stage flame, t) play important roles in

the predictions of the GDFD model. These roles were investigated

by means of an "Inverse Procedure".

m ..........
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The inverse procedure involves using experimental burning-rate

data for various pressures, particle sizes, and mixture ratios as

input values in the GDFD equations to calculate the heat generated at

the first-stage flame, 4111, and the reaction time of the first-stage

flame I.

The experimental data used here were taken from Reference 1

for AP/P13 propellants with wO.7, and doxa 16 and 120 PL.

The GDFD model was forced to predict r vs. w values for w 0. 75

and d = 16 and 120 k by suitable choices of &,and . Such aOX

mwthod had to be used since the GDFD-model-predicted-values were

lower than the experimental data (see Figure IV-3). This selective

choosing of values for x and can be justified: The purpose of the

inverse procedure is not to obtain quantitative results but rather

qualitative results which can provide clues for improving the model.

The set of values used foro( and( so obtained for w z 0. 75 and

d1AA .~' W~L d.AJL~ UI ± r U UL4 I W V.

in the GDFD equations to calculate All 1 and 'V,.
t1

In calculating AHI , twas assumed to be a constant with respect

to dox and w but was varied inversely with P, as given by Equation

H-16. The results of the inverse procedure for calculating A11 are

shown in Figure IV-7. These results indicate that if the heat genera-

ted at the first-stage flame were higher, depending onP, dox, and
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w, the GDFD model would have predicted reasonable results.

The inverse procedure was also used to calculate the reaction

time of the first-stage flame, T,, from the GDFD equations by

assuming4H 1 to be constant with respect to P but by assuming a

linear variation with respect to w (as assauned in the GDFD model).

These calculations yielded unrealistic values for Z, (sometimes

neagative values were obtained). Therefore, it was decided to vary

the reaction time for the first-stage flame, Z, in a reasonable way

with respect to w and to solve the GDFD equations with the modified

% . It was noted that from the results reported in Reference 2

that the reaction time for the second-stage flame in the CDFD model

viz. ' , varied with both w and P. 'Z is given by
' I 2..

IV-5

where M is the average molecular weight of the gases, and R

is the universal gas constant. All the other antities in Equation

IV-5 have the same meaning as those dcscribed in Chapter II.

At low pressures, it was aibu observed that TLwas about 10 times

greater than ;. Hence, in order to vary Twith both P and w, the

following relation between and riwas considered.

. . IV-6
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The GDFD model equations were solved numerically with ' .

and T=: . The results are plotted as r vs. w for P 1 atm. and

are compared in figure IV-8. It is clearly seen that the r vs. w

curves corresponding to '-o.-fhave a steeper slope than the r vs. w

corresponding to '--T. These results show thav if the kinetics of

the first-stage flame can also be varied by some mechanism, then

the GDFD model can predict increas'A mixture-ratio sensitivities,

The results of the inverse procedure clearly indicate that the

GDFD model can be improved if the first-stage flame were perturbed

by some mechanism 'vhich would change the heat generated at the

first-stage flame and the reaction time of the first-stage flame.

IV. D HR MODEL TESTS

The heterogeneous reaction model (HR) has been tested in aInmnr PhnzivP mnnnpr previosly (17. 1 ). These ts.. t, showed

the model to pre Iict burning rate behaviour, which is qualitatively

in agreement with experimental results. However, in these tests,

mixture ratio influences were considered only for a narrow range

of variations in w (0. 6 to 0. 7). Hence, the trends of r vs. w curves

were not evident in these numerical model tests. Therefore, as

part of the present investigation, a further test involving mixture-
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ratio influences was made.

IV. D. 1 Influence of Mixture Ratio

The equations of the HR model were numerically solved for

mixture ratios beyond w-_. 7. The program for numerical calcula-

tions was supplied by the model's originator. The basic equations

employed in the HR model, viz., mass conservation and energy

conservation, allow the model to be extended to the limiting case

when w-- 1. 0 (pure AP). However, an error developed in the

program prevented the calculations from being carried beyond

w=0. 95 for d~ =20j and w= 0.9 fo-d r. 200 &. Hence, thew- .5 o ox ox

numerical calculations were not carried beyond w= 0. 95 for dx 20

and w= 0.9 for do= 200J.

The results of the HR model are plotted as r vs. w in Figure WV 9

for varying P and do x It can be seen clearly that the HR model does

not predict maximuni values for r. This trend is contradictory to

the experimental data trends.

IV, D. 2 Discussion

The major objec t ion to considering the HR model any further

is that the heterogeneous reaction assumed in the model seems to be

an important mechanism which influences the burning rate prediction
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of this model. However, no experimental evidence has been found so

far to support the existence of such reaction. This fact coupled with

the fact that the model predicts no maximum for the burning rate, led

toward abandonment of this model as a basis for any modifications or

additional tests.

IV. E MF MODEL TESTS

Numerical solutions were obtained for the multiple flame model

(MF) equations by using a computer prog:am supplied by the origina-

tors of the MF model. The complete set of input data found in

Reference 19 were used, and the results reported in Reference 19

were reproduced. However, numerical calculations made with the

incomplete set of input data found in Reference 20 and additional data

suggested by an originator of the MF model (23) yielded results which

did not agree with those i epcrted in Reference 20. In Figure IV-10

shown. Two possibilities may be considered for the discrepency

shown:

(i) an error might have developed in the prog-ram, or

(ii) a still different set of input data might have been

used to get the results reported in Refernce 20.

In any case, the results of Reference 20 should not be considered
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useful until a complete set of input dat i available.

Besides the above mentioned discrepency, there are a few other

demerits of the MF model.

In estimating the diffusion flame heights, the analysis of Burke

and Schumann was used (22). Since the flame structure assumed in

this model requires all the flames to envelope the oxidant particle,

only fuel-rich diffusion flames ("underventilated") can be considered.

This restricts the propellant composition that can be described by the

MF model to fuel-rich compositions. Hence, mixture-ratio

variations cannot be considered over a wide range.

Another major drawback of this model is the assumption that the

primal y flame temperature is equal to the adiabatic flame tempera-

ture of the propellant. The primary flame is the reaction between a

fraction of AP products and a fraction of fuel vapors. The fraction

of AP products that react in the primary flame, ',F' is a function

of pressure and particle size. Therefore, the primary flame tempe-

rature should depend on these variatles. The adiabatic flame tempe-

rature does not, however, depend on either the pressure or the

oxidant particle size. Thus the validity of assuming the calculated

adiabatic flame temperature and primary flame temperature as

equal is questionable.
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For the reasons stated above, the MF model was not considered

for any further modifications or tests.

IV. F CONCLUSIONS

The results of numerical diagnostic tests made on several

comprehensive models have indicated the GDFD model to be a

promising one, i. e., one which might possibily be modified to

predict results in better accord with experimental data. Such

improvement should be in tvo categories :

(i) an increase in the predicted burning rates at lower

pressures, and

(ii) an increase in the mixture-ratio sensitivity of the

burning rates.

The results obtained by the "inverse procedure" indicated that

the GDFD model could be substantially improved if the first-stage

flame were perturbed. A mechanism for such perturbation is that

of intermixing of fuel vapors into the AP decomposition flame and

of consequent additional reaction. This mechanism was long ago

suggested by Chaiken and Anderson (19, 20) anci quite recently

accounted for in the MF model (19, 20).

A modified granular diffusion flame model incorporating the

above me ntioned has been formulated and tested in the present study.
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CHAPTER V - MODIFIED GRANULAR DIFFUSION FLAME MODEL

A anodified granular diffusion flame model (MGDF), incorporating

the intermixing of fuel-vapors into the AP decomposition flame and

the consequent additional reaction with the AP decomposition flame,

is described below. The major assumptions made, the resulting

equations, and the numerical tests made on the MGDF model to assess

its validity are also described in the following sections.

V. A DESCRIPTION OF THE MGDF MODEL

The MGDF model considers a two-stage flame in the gas phase to

provide the necessary heat required to gasify the surface. The first-

stage flame is a perturbed AP decomposition flame and the second-

stage flame is a granular diffusion flame. The perturbation of the

AP flame is due to the intermixing of fuel vapors into the AP flame

und t additional reaction wih [ie AP flame. Figure V-i descr"ies

the MGDF model.

V. B MAJOR ASSUMPTIONS

The following assumptions are made

(i) One dimensional.

(ii) Steady state.

fib I "W""~
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(iii) Specific physico-chemical processes

The physical processes considered are heat conduction

and granular diffusion.

The chemical reactions considered are fuel pyrolysis,

dissociative sublimation of AP into ammonia and

perchloric acid, a perturbed AP decomposition flame,

and a granular diffusion flame.

(iv) Linear temperature distribution in the gas phase.

(v) Uniform thermal properties.

V. C EQUATIONS

As a consequence of the above mentioned assumptions and

modification, the resulting equations for the MGDF model are the

same as those for the GDFD model (Equations 11-4, 11-17, and 11-18)

Only the input values related to the first-stage flame, viz., AH 1,

the heat generated at the first-stage flame, and V , the reaction time

of the first-stage flame, are different. In the GDFD model these

two input values are determined from the deflagration data for

pure AP, but in the MGDF model, they are determined from the

intermixing mechanism of fuel vapors as functions of pressure,

oxidant particle size, and weight fraction of oxidant, as described

below.
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Following the notations used in Chapter II, the set of equaiions

to be solved in the MGDF model are:

r. A5  eKI,(-Es/Wri) .. V-4

1V;

T.~ ~~ S -TO W .... ... . . ..... -)..

... V-2

,.. V-3

The modified input values 4H and t'were determined as follows.1

Let T denote the true temperature of the perturbed AP flame.

Due to the additional reaction between the fuel vapors that intermixed

with the AP flame, T1 could be determined if the amount of fuel

vapor that reacted with the AP products could be specified. Once

T has been determined, then following the original GDFD model,

the following equation could be used to determie H1H

A.9T V-4
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Assuming that the perturbed AP flame is a second order reaction,

' is given by;

or

t~c ... V-5

The constant C1 is determined from the condition that, for

TAP6 1.6 x 66
T, .TPA- P (Equation 11-16).

-12 sec-ahri
C1 was found to be 1.8x 10 OKc).

In order to determine the amount of fuel vapor that intermixes

with the AP flame and hence, T1 , the following model was

considered. Following Figure V-i, let d denote the oxidantox

particle diameter, L1 be the height of the first-stage flame above

the surface of the propellant. If rf repres'ents the ass flow rate

(gm/sec) of the fuel that intermixes through the cylindrical surface

area surrounding the AP particles, hei,

t0

' V A ... v-C

ih

.44
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where is the average gas phase density, V 's e dffusion

velocity, and A is che area available for miying.

V can be written as

V.o V- 7

TI.75

where D (the diffusion coefficient).t( )... V-8

A = do0 , 1, ... V-9

Using Equations V-7 and V-9 in Equation V-6, we get

h1]f ) L,4,\T1

In Equation V-10, and D are related to P and T by the perfect

Ipw and by Equation V-8, respectively, and L is given by,

... V-11

where r-'" i the mass flux of the propellant (?r

The reaction time appearing in Equation V-11 is given by Equation
.

V-5. Since T is an unknown quantity, introducing it into the expre-

ssion for ', would involve an iterative method to determine T 1 .

Hence, for mathematical simplicity, it was assumed that an average

temperature T, given by the following equation be used in the

. av
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place of TI in Equation V-il,

T T T... V-12

where T and T are the propellant and AP flame temperatures,
2 AP?

respectively.

The reaction time, 'T, used in the present model is given by;

I
% ~~Ta4 ) 0, f ,,( ,).. V-13

Equation V-10 can be reduced to the following form by using

Equations V-11 , 1-12, and 11-13 :
1V-14

Letting m" represent the mas-s flux of AP, then the mass
ox

flow rate in (vrn/sec) for a single narticle is given by
Ox'

(r Of ) 2 V-15

• mf

The ratio -Iox can then be written as

.. T

OX 0)--OA? e - / ___ . 46
" 

I!'I
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The ratio mT is given by
mox

V-1

Finally then, combin;.z.- Equation V-16 and V-17, the ratio of fuel to

oxidant in the first-stage flame is proportional. to fLnctions of

pressure, oxidant partic.Le size, and other propellant properties is

given by

0 x

... V-18

C2 is a constant which can be determined empirically by matching

the burning rates predicted by the model and given by experiments

at a matching point. Details of the determination of C2 are given in

Section V. D.

Once the fuel-to-oxidant ratio of the first-stage flame is deter-

mined from Equation V-18, T can be determined from thernmo.-

chemical calculations (22). It should be noted that the present

model predicts that the amount of fuel mixing with the AP flame is

greater at low pressures and for small oxidant particle sizes
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(Equation V-18), which is in agreement with the rez"ults indicated by

the inverse procedure in Chapter IV (see Figure IV-'7).

V. D METHOD OF SOLUTION

The following steps were used in solving the MGDF-model

equations

(i) A pror-,Uant whose burning rate data correlated with

Summerfield's equation was chosen. 'The empirical

constants A, {, and were determined as describ-

ed in Chapter I1.

(ii) A pressure (P) was chosen in the low pressure region,

where the modification on the GDFD model would be

efiective. was determined from Equation V-18
=-z mox

by assuming a reasonable value for C2 and for the

input values of w, d , etc.,

(iii) For the n calculated in step (ii), the correspon-

ding T1 was etermined from thermo-chemical

calcu la tions.

(iv) The modified input values AH 1 and 'Twere determined

from Equations V-4 and V-13, respectively.

(v) With the appropriate input values (steps i and ii),

the resulting equations (Equations V-1 to 3) were

g
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solved numerically to obtain rMGDF at the selected

pressure (P). The listtng of the computer program used

is given in Appendix B.

(vi) The calculated rMGDF was compared with r EXPTif

they were different, a new C2 was assumed C'nd steps (iii)g2

to (v) were repeated until agreement was reached.

(vii) The constant C2 determined in step (vi) was used to

calculate r as a function of P, dox, etc.,

V. E RESULTS AND DISCUSI:ON

The MGDF model has been subjected to the following tests in

order to check its predictive capability for predicting burning rate

variations with varying pressure (P), oxi.dant particle size (dox),

mixture ratio (w), and initial temperature (T.

V. E. I Pressure Effects as Predicted by the MVqGDF Model

The MGDF-model equations were solved for burning rates at

various pressurcs for a propellant whose r(P) data correlated well

with Summerfield's equation, viz. Equation 11-1. The propellant

chosen for this calculal.ion was an AP/LP3 propellant with w =-0. 65

and o = 78h. The experimental data, i.e. r vs. P data, were

taken from Reference 6.

2-
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The necessary input data needed for the numerical calculations

are listed in Table IV-1. The empirical constants A, v(, and

were obtained from a high pressure matching (P 100 atm.) proceed-

ure described in Chapter I. The constant C2, introduced in the

MGDF model, was determined by the iterative procedure described

in the previous section (SectIon V. D) by matching the burning rate

predicted by the MGDF model with the burning rate given by

experiment, at a low pressure (P.= 2. 04 atm. ). The value of C2

obtained by the iterative procedure was found to be 1. 0 xl0 - 7

2_ 2cm -atm

Figure V-2 shows the predictions of the MGDF model compared

with the results of both the GDFC and the GDFD models and also with

experimental data.

The following conclusions can be drawn from this comparison

(i) The burning rates predicted by the MGDF model are

pressure range of 1 to 100 atm. The maximum error

in this range between the MGDF results and experimen-

tal results is about 10%.

ii) The results of the MGDF model are clearly much

better than those of GDFC and GDFD models. The

improvement is quite significant at the low pressure

>~L
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region, where the GDFC and GDFD models predict

higher (about 60% above the experimental burning rate)

and lower (about 40o below the experimental burning

rate)burning rates, respectively.

V. E. 2 Particle Size Effects as Predicted by the MGDF

Model

In order to test the MGDF model's ability to predict the effects

of oxidant particle size (d ) on the burning rate, an AP/LP3

prof-ellant containing 140 j'AP particle size and 65% of AP by weight

was considered. The experimental data (r vs. P) for this propellant

have been shown to correlate well with Summerfield's equation

in References 2 and 6. It should be noted that the propellant chosen

here hIes the same composition as that considered in the previous

section to study pressure effects, i. e., both are AP/LP3 propell-

ants and w. 0. 65 for both of them. Only the particle sizes of these

propellants are different.

As explained in Chapter II, the variations in the particle size

affects only the diffusion-time parameter b, and hence, the

empirical constant . Therefore, for the numerical calculations

only has been changed while keeping other constants c(, C1 , C2 ,

etc., the same as those cited for 78I1particle size in the previous
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section (Section V. E. 1).

Since the constant C2 used for 140 A and 78VAP particle sizes

were taken to be the same, an iterative procedure was not required

in this case. Thus the MGDF equations were directly solved for the

burning rate at various pressures.

In Figure V-3, a comparison of the MGDF results with both the

GDFC and the GDFD results and also with experimental data is made.

As seen clearly the predicted results of the MGDF model are in

good agreement with the experimental data and are much closer than

both the GDFC and the GDFD results. Sincc the propellant considered

presently contains a larger particle size than the one considered in

studying the effects of pressure on r, it is coacluded that the MGDF

model not only predicts the effects of pressure on the burning rate

correctly but also the effects of oxidant particle size effects in

accordance with expori-ent)! dit..

V. E. 3 Mixture Ratio Effects as Predicted by the

MGDF Model

One of the objectives in modifying the GDFD .nodel was to

increase the too-low mixture-ratio sensitivity, V predicted by

the GDFD model. To test the MGDF model intbis regard, the MGDF

model equations were solved for input values appropriate for an
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AP/P13 propellant with do16 (1). The empirical constants

needed for the numerical calculations, viz., As, A, { , and C2

were determined for w = 0.75 and these values were ther used for

other mixture ratios (i. e., w = 0. 8, 0. 85, 0. 9, and 0.95). These

values are listed in Table V-i.

The MGDF-model results are plotted as r vs. w in Figure V-4

where they are compared with both the GDFD-model results and the

experimental data. It is seen that the sensitivities given by the MGDF

model are much higher than those given by the GDFD model. For

example, the mixture-ratio sensitivity, given by the GDFD

model is about 1. 5 and the sensitivity given by the MGDF model is

about 5. 5 for P- 2. 04 atm. The experimental results show an

average value of about 5. 0 for mixture ratio sensitivity at the same

pressure.

Comparison of the MGDF-model results with experimental data

could not be made beyond w= 0. 8, because experimental data are not

available at prebant. Hence, only a qualitative comparison can be

made between the MGDF model predictions and existing analog data

with regard to the trends of r vs. w. The MGDF model predicts

maximum burning rates at different mixture ratios depending on the

pressure. Such a behaviour of the burning rate has been observed

in the studies involving analogs of propellants.
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FLAME TEMPERATURES

T 2  - 2450 K (w=0.75)

T 2  = 2800 OK (w 0. 80)

T : 30Z10' K (w =0.85)
20

T2 . z 2960 K (w 0. 90)

T 2500 OK (w 0. 95)
2

EMPIRICAL CONSTANTS

-5
6.136x10 5

" 0.2659
i CI  -" I.8xlO 12

C 1.8xW0 1
118

C2  5.oxi0

TABLE V-1 - LISTING OF INPUT VALUES USED IN THE

MGDF-MODEL CALCULATIONS
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&AP/PI3 PROPELLANT
d ox-- 16

--- MGDF MODEL

- . .-GDFD MODEL

o EXPT. DATA P.2.04 ATM. (REP1)

* EXPT. DATA, P=13.6 ATM.

13,6

1.0-

C4

~0.,)

0. - - 77-

0.75 0.8 0.85 0.9 0.95

w, WEIGHT FRACTION OF OXIDANT

FIGURE V-4 : MIXIURE-RATIO IfRJENCES AS PREDICTED BY THE

BJF IMAEL
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V.E. 4 Initial Temperaiture Effects as Pre.dicted by the

MGDF Model

Finally, the MGDF model has been tested for initial-propellant

temperature influences on the burning rate. The propellant consider-

ed for numerical calculations wrts an AP/LP3 propellant with

d -14and w : 0.65. Initial temperature s were varied between
1OX

3000K and 2000 K. The results of the numerical calculations are

plotted in Figure V-5.

The MGDF model predicts that the burning rate increases as

the initial temperature is increased over a wide range of pressure.

This prediction is in qualitative agreement with the experimental

data. The initial temperature sensitivity, |)h , given by the MGDF

model is about 0. 08%/oc, whereas the experimental results

available for a different propellant (AP/PBAA) (7) is about

0. 2 %/oC. The lower initial temperature sensitivity given by the

MGDF model may be due to the fact different propellants were

considered in the experimental and theoretical investigations. Hence,

no definite conclusions can be made about the merits or demerits of

the MGDF model based on this test.
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V. F CONCLUSIONS

On the basis of the above tests made on the MGDF model, the

following conclusions are drawn :

(i) The MGDF model predicts reasonable burning rate

variations with pressure in the range of 1 to 100 atm.

The MGDF gives results which are much closer to

experimental data than those of the GDF" and GDFD

models.

(ii) The oxidant particle size effects predicted by the

MGDF model4 are also in agreement with experimental

data and in closer agreement than those of the GDFC

and GDFD results.

(iii) The mixture-ratio sensitivities predicted by the MGDF

model are essentially the same as those given by

experimental data and are much higher than those

predicted by the GDFD model.

(iv) The predicted dependence of the burning rate on the

initial propellant temperature is qualitatively in

agreement with experimental data.



CHAPTER VI - MAJOR CONCLUSIONS AND SUGGESTIONS

FOR FUTURE RESEARCH

VI. A MAJOR CONCLUSIONS

The present experimental and theoretical investigations with a

loose-granule burner and the theoretical investigations with a

premixed,, laminar flame model indicc :.at the gasification of the

surface o! a composite solid propellant is probably driven by multiple

heat sources (flames) in the gas phase. The influence of mixture-

k ratio on the burning rate cannot be explained using simplified

mechanistic models which consider only one flame in the gas phase.

One of the important reactions in the gas phase has been shown,

in this study, to be a reaction between fuel vapors intermixing into

the AP flame and AP products in the area surrounding each AP

particle. Although this mechanism was proposed long ago by

Chaiken and Anderson (14), its importance has not been established

until this investigation.

A modified granular diffusion flame model, formulated by

including the above mentioned mechanism in the GDFD model, gives

results which agree with experimental results more closely than

do results from the GDFD model. The MGDF model has been

comprehensively tested against experimental data and is claimed

%,~
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to be the most valid model in that it is based on reasonable mechanis-

tic grounds and it is capable of predicting the influences of important

variables on the burning rate as indicated by experimental results.

VI. B SUGGESTIONS FOR FUTURE RESEARCH

There is a need for further more comprehensive data for

composite solid propellants, especia.ly for mixture-ratio (w) varia-

tions. Hence, it is suggested that future experimental investigations

be planned to obtain comprehensive data at least for those which obey

Summerfield's equc tion.

The simplified assumption made in the MGDF model with regard

to the change in the first-stage flame kinetics ('Z.) (i. e. Tav was

used in Equation V-13 instead of T should be removed by replacing
,1

Tav by T1 and an iterative procedure be used to solve MGDF equatiors.

The model should be tested for propellants containing fuels other

than LP3 and P13.

Since the MGDF model cannot predict either platau or mesa

I burning behaviour of propellants, it is suggested that further

modifications should be made to enable the model to predict these

experimentally observed burning rate behaviours.

@I
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APPENDIX A - FLAME-TEMPERATURE MEASUREMENTS

A modified Na-D line reversal technique has been used to measu-

re the flame temperature of the loose-granule burner. The method

was used previously by Sutherland (1) and Derr (24) for similar

purposes. The theory and the derivation of equations have been

reported in the cited references. Hence, in the following sections,

only the fabrication of loose-granule burners suitable for temperature

measurement is described along with the instrumentation and error

evaluation used.

This method depends on rneasurment of the radiation intensity

from a flame in a finite spectral region, i. e., that of the Na-D lines

(0. 5890-0. 5896 s,). Flame temperatures were calculated from

variations produced by intermittently transmitting light from a

tungsten lamp through the flame. 'Using Wien's law and Kirchoff s

law, the fiam e temperature can be expressed as a function of

1. brightness temperature of the tungsten lamp, 2. intensity of the

tungsten lamp, 3. intensity of the flame and 4. intensity of the lamp

after being absorbed by the flame.

The following equation expresses this relationship

-DI - D A-I
R&, z)3
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where Ti is the flame temperature, T_ is the brightness
F zBr, L

temperature of the tunigsten lamp, is the mean Na-D lines wave

length, c. is the physical constant in Wien's law and D1, D2 , and D3

are the deflections produced by radiation from the lamp, radiation

4 from the lamp after bein absorbed by the flame, and the i adiation

from the flame, respectively.

A. 1 FABRICATION OF LOOSE-GRANULE BURNERS

Because the method used is an optical method, it requires that

the position of the flame under investigation be visible to a measuring

apparatus. Loose-granule burners fabricated in lbad-foil

containers have been found to be suitable for this purpose, since the

lead melted and exposed the flame zone for temperature measure-

ments. The thicless of the lead foil used was 0.015".

A. 2 DESCRIPTION OF INSTRUMENTATION

A schematic arrangement of the instrumentation is shown in

Figure A-i. The apparatus producing and measuring radiation

intensities consisted of a tungsten-filament lamp, mechanical

choppers, an interference filter, a photomultiplier, and an

oscillographic recorder.
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The filament of the tungsten lamp was focused by the lens 1 on a

hole in the chopper 1. The lenis 2 focused the light on the flame

and lens 3"focused the image of both the flame and lamp filament on

chopper 2. Finally, the radiation was passed through an interference

filter and focused on a slit preceding a photomultiplier tube. The

resultant signal was amplified and recorded by an oscillographic

recorder.

When both the choppers obstructed the light a zero reference

mark was obtained; when the holes in both the choppers were open a

signal (D2 ) proportional to the intensity of the lamp radiation after

absorption by the flame was obtained. When fhopper 1 alone

obstructed the light signal (D3 ) proportional to the intensity of the

flame radiation was obtained in the absence of a flame.

A. 3 ERROR EVALUATION

Standard errors to be corrected for are well documented by

Derr (24). All of these have been taken into account in the present

investigation. One possible error which has not been considered

in the previous investigations (1, 24) is that due to signal noise, which

causes errors in the measurements of D1 , D2 , and D . Using
2t Ae3

Equation A- 1, the error in TF viT. is found in terms of

vA"
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AD1 , 4 2, and 4D to be:
3

TF2i AT 1 ~DHL ... A-2

The maximum error in T F results when AD 1 is positive and AD 2

andAD are negative :3

where AD's represent the average of AD 1 , AD 2 , and.&D

Typical magnitudes of D, D2 , and D3 were found to be 10,

8, and 3 (cm) respectively, and 6-D was observed to be of the

ovder o G0. V05 (cm). For these values, the maximum error in the

flame temperature would be of the order of 30 0 K.
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APPENDIX B -LISTING OF THE COMPUTER PROGRAM

USED FOR THE MGDF-MODEL
CALCULATIONS

COMMON A,E~: RHO:T2, XLIPXRI : EPS, IEND,*P, HSHI ,AS, ES,
I FAFB,DFCCPTI.-,iT(3Wl GTO. EE* VF, DOXTAV*
2 NJOBHAPS-CACB.-CC

EXTERNAL FOT
I REIAD(5i 103)14JOB

103 FORMAT(1)
G0 TO(2,3p4,5,6,86,9),NJ0B

2 RE AD( 5 10 5) A,T2 iT AP.TO.-P
READCS 106)XpHAP,DFD0X
READ ( 5,107) ASES, EE. Y
READ(5,J0OP)CACf3,CC
READ(5, IO9)EPS,IEND
GO TO I

3 READ ( 5,105) A, T2#TAP,TO,P
GO TO I

4 READ(5, l06)HFpHAPtDFpD0X

GO TO 1
5 READ(5,107)AS,ES,EEPY

GO TO I
6 READ(5,108)CAPCB,CC

GO TO I
105 FORMPT(5F)
106 F(OP1AT(4F)
107 FORMAT(AF)
108 F0[RMAT.3F)
109 FO0RMAT(2F)

8 TAV=CT2+TAP)/2#
HS= A*HAP+( I. -A) *HF

V1R ITE ( 6.p110) A, T2, TO.-P

1 ' P=*,F1O.2)
WRI TE( 6,p111)YlF, HAP, DF, AS.-F.S

III FORMAT( HF='oF)0.2,* HAP=',Fl0o2,' DF=,FI0.2,
I AS=',F10.,2,' ES=',F1O.1)
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WRITE(6*1I12)FEEY,DOX
112 FORMAT(' EE='xF20.10*1 Y=IF2010o' DOX=,PF20.1O)

AB=CA*RHO*TAV**2o75*EXP(22000./(1I 986*TAV) )/( 1.95*
I P**2 e *DOX-**2 a

AF=AB/( 1.+AB)
AC=CA

A AD=CB
WRITE(6P 1 3)ACPADiA8

113 FORMAT(' CA~l*E20*10P' CB='PE20.,' M='PE20.10)
WRITE(6p ll/OAF

114 FORMAT(' WT FR FIJEL~', F4O.10)
TONE1l384.687+32252.12* AF-235047.A*AF**:2.4702179*

1 AF**39
WRITE (6,1 15)TONE

115 FORMAT(' TONE=IPF2O.5)

HI 1=0*3*(T0NE-T0)+HAP
Hl=-A*Hll
WRITE(6#1I16)HI

116 FOR~MAT(' HI1-'.PF20.5)
TSWIl=C13*.TAV*EXP(22000./C 1 986*TAV) )/P
WRITE(6, I 17)TOWI

117 FORMAT( TOWI=IPE3O*10)
E=EE
EF=E*T2*EXP(20000./(2.*1 .986*T2))/P

A GO TO 1
9 READC5*12)XLIPXRI

12 FOIRMAT(2F)
CALL RTMI (XPFFCTPXLI.XRIEPSPIENDIER)
IF(IER*NE*O)GO TO 101

WRITEC 6.-50) R

T0W2=P*30.*(F+G)**2./(82.PO5*YT2)
EL.2=82. 05*RH0~cI~*T2*TCtj2/( 30.*P)
ELI =82 .05*RHO*r?*T 1TOWI/( 30.*P)
QT=C
QT1=R*RHO*0T
QII=.0002*(T2-TI )/(FL2*RHOI*R)
QI=QT-QI I
01 1=R*RHO*QI
OI IF=0I I*R*FHO
TOWI =TCWI
WRlTE(6P21 )TOWIT0W2, ELI sEL2

21 FORM)AT(////E:16.8sE16.8,El6.8,El6.8)
WRITE(6.P20)0T)'lGT1T

20 FOPMAT(l QT~lE20.6P' QTF=*PE20.6)

Asee note on page 125



22 FORMAT( QI='PE2O-.,4 GIF='jE20.6)
WRITISC6, 23) 01.QI IFO

ET=P/CC
EV=P** 46666666

WRITE(6j300)ET.EV P/~F05

GO TO I
101 WRITE(6,*10 )IER
100 FORMATC' ERROR CODE=I3)

GO TO 9
END
FUNCTION PCT(X)
COMMON AP .E P ,.T .X IX I-PSP~4,PlI.H .A o~

2 NJOB.AIAPPCAPCBP3CC
R=AS*EXP(-ES/( 1 .96*X))
C2=0
C=*3*(X-TO)+IHS
D=,0002*(TP2-X)
G=(Y*T2**.83333)/G'I**.875*P**.3333333)
WiITE(6.-2),.R

2 FORMAT(//' TS='PF12.4P' R='PE16#6)
FA=R**2.
FB=l.-(FA*TOWI*82-.05*1-RHO**2*C)#/CP*0.0002'-*30.)
FC=- *3*T0+HS+14I C2
FCT=FA-.O002::,(!-/FB)/((EF+G)**2.*RHO**2&

*(.3*/F13FC))
RR=SQRT(FA4'CT)
TI=X/FBL

5 FORMAT(' TI=1PF12*AP' RR='PE16.8)
CC=R
RETURN
END

Note:*
T, (TONE) given in this program is for AP/P13
propellant (valid in 0. 9< w e, 1. 0)

T (TONE) for AP/LP3 propellant is given by

TONE 1398. 21+13891. 07 *AF -33482. 12*AF**2. 0


